The Y chromosome of Drosophila melanogaster has ,20 protein-coding genes. These genes originated from the duplication of autosomal genes and have male-related functions. In 1993, Russell and Kaiser found three Y-linked pseudogenes of the Mst77F gene, which is a testis-expressed autosomal gene that is essential for male fertility. We did a thorough search using experimental and computational methods and found 18 Y-linked copies of this gene (named Mst77Y-1-Mst77Y-18). Ten Mst77Y genes encode defective proteins and the other eight are potentially functional. These eight genes produce $20% of the functional Mst77F-like mRNA, and molecular evolutionary analysis shows that they evolved under purifying selection. Hence several Mst77Y genes have all the features of functional genes. Mst77Y genes are present only in D. melanogaster, and phylogenetic analysis confirmed that the duplication is a recent event. The identification of functional Mst77Y genes reinforces the previous finding that gene gains play a prominent role in the evolution of the Drosophila Y chromosome.
T HE Y chromosome of Drosophila melanogaster is essential for male fertility and is entirely heterochromatic (Bridges 1916; Gatti and Pimpinelli 1983) . Formal genetics identified six regions that are essential for male fertility (named kl-1, kl-2, kl-3, kl-5, ks-1, and ks-2), and each region seems to contain only 1 essential gene (Kennison 1981; Hazelrigg et al. 1982; Gatti and Pimpinelli 1983) . Hence the Y chromosome of D. melanogaster contains six genes that are essential for male fertility (subsequent work identified additional, nonessential genes; see below). The first molecularly identified Y-linked fertility gene was kl-5, which encodes a motor protein that is a component of the sperm flagella (Gepner and Hays 1993) . After the sequencing of the D. melanogaster genome (Adams et al. 2000) and the development of proper computational methods 11 additional Y-linked genes were molecularly identified; indirect evidence suggests that the total number of genes is ,20 (Carvalho et al. 2000 (Carvalho et al. , 2001 Carvalho and Clark 2003; Vibranovski et al. 2008) . The correspondence between the 12 molecularly identified genes and the six fertility factors has been partially elucidated. For example, the kl-2 and kl-3 fertility factors also encode axonemal dynein heavy chains, whereas PRY and PPr-Y are nonessential and hence do not correspond to any fertility factor (Carvalho et al. 2000 (Carvalho et al. , 2001 .
All protein-coding genes of the D. melanogaster Y chromosome originated from duplications of autosomal genes (Carvalho et al. 2000 (Carvalho et al. , 2001 (Carvalho et al. , 2009 Koerich et al. 2008) , which is an interesting evolutionary phenomenon. Sex chromosomes are believed to evolve from a normal pair of autosomes, after one homolog acquires a sex-determining gene and becomes a proto-Y. A combination of evolutionary forces would then lead to massive gene degeneration and loss in the proto-Y, the end result being a mature Y chromosome that has very few genes, most of them shared with the X (Rice 1996; Charlesworth and Charlesworth 2000) . For example, the human Y chromosome encodes 27 proteins, and 18 of them are shared ancestrally with the X (which has $1100 genes) (Skaletsky et al. 2003; Ross et al. 2005) . The lack of X-Y shared genes (other than the special case of rDNA) (Carvalho 2002 ) and other features of the Drosophila Y suggest that it is not homologous to the X and has not originated through the above pathway (reviewed in Carvalho et al. 2009 ). Hence, as in other species, identification of Drosophila Y-linked genes tells much about the origin and evolution of the Y chromosome itself (Lahn and Page 1999; Carvalho et al. 2000 Carvalho et al. , 2009 Skaletsky et al. 2003) .
The D. melanogaster genome contains $100 Mbp of heterochromatin (including 41 Mbp from the Y chromosome) and 120 Mbp of euchromatin. During genome sequencing the euchromatin assembled in large megabase Sequence data from this article have been deposited with the EMBL/ GenBank data libraries under accession nos. GQ868243-GQ868260.
Supporting information is available online at http:/ /www.genetics.org/ cgi/content/full/genetics.109.107516/DC1. 1 pair-sized scaffolds that could be easily mapped and studied, but in the heterochromatin the assembly problems caused by its high content of repetitive DNA led to many small scaffolds that remain unmapped, forming the so-called chromosome U (for ''unmapped'') (Carvalho et al. 2000 (Carvalho et al. , 2001 Hoskins et al. 2002; see Hoskins et al. 2007 and Smith et al. 2007 for recent progress). In the WGS3 assembly chromosome U amounts to 20.7 Mbp of sequence, scattered in 2597 scaffolds (average size: 8 kbp) (Hoskins et al. 2002) . Besides its main part, the WGS3 assembly also contains 35,039 small ''degenerate scaffolds'' (size range: 300 bp-21 kb) amounting to 26 Mbp of sequence (Hoskins et al. 2002) . Degenerate scaffolds contain large amounts of transposable elements and satellite sequences and were flagged as potential assembly errors (Myers et al. 2000; Hoskins et al. 2002) . Nearly all known D. melanogaster Y-linked genes were discovered by investigating chromosome U sequences (Carvalho et al. 2000 (Carvalho et al. , 2001 Vibranovski et al. 2008) , and parts of one gene were found among the degenerate scaffolds (Carvalho and Clark 2003) .
Mst77F (Male-specific transcript 77F ) is an autosomal gene located in the 3L chromosome (Kalderon and Rubin 1988; Russell and Kaiser 1993) . It is essential for male fertility and encodes a protein that replaces the histones during chromatin condensation in spermatogenesis (Raja and Renkawitz-Pohl 2005) . In 1993, Russell and Kaiser found three Mst77F-related sequences in the Y chromosome (Mst77-c1, Mst77-c2, and Mst77-c3). Two of them have defects in the coding region and clearly are pseudogenes, whereas the third sequence was incomplete, so its functional state could not be ascertained. The Y-linked copies of Mst77F mapped to region h18-hl9 on the cytogenetic map of the Y, which does not correspond to any of the fertility factors (Kennison 1981) . This result might suggest that the Y-linked copies are nonfunctional, but as Russell and Kaiser (1993) pointed out, it could also be accounted for by full or partial complementation of fertility by the autosomal locus. Although they mentioned several times the possible existence of functional copies of Mst77F on the Y chromosome, this was largely ignored in the literature.
The present work started while we were searching for Y-linked genes in the degenerate scaffolds of D. melanogaster and found seven Y-linked Mst77F-like sequences. Several of them have complete coding sequences. The thorough investigation reported here confirmed that there are more than three copies of Mst77F genes in the Y chromosome and that several of them are functional.
MATERIALS AND METHODS
D. melanogaster genomic sequences and Blast searches: Ylinked genes were searched in the unmapped and in the degenerate scaffolds of the D. melanogaster genome. The degenerate scaffolds have not been deposited in GenBank and were downloaded from the Drosophila Heterochromatin Genome Project (ftp://ftp.dhgp.org/pub/DHGP/Primary_Sequence/ wgs3_degenerate_scaffolds.fasta). The unmapped portion of the main (i.e., ''nondegenerate'') WGS3 assembly was downloaded from the Berkeley Drosophila Genome Project. We used release 3 (http:/ /www.fruitfly.org/sequence/release3genomic. shtml; file WGS3_het_genomic_dmel_RELEASE3-0.FASTA), but the same results were obtained with the latest version (release 5).
All Blast searches were run locally in a Linux workstation, using the programs from the NCBI blast package (downloaded from ftp://ftp.ncbi.nih.gov/blast/).
D. melanogaster strain and nucleic acids extraction: DNA and RNA were extracted from the same D. melanogaster strain used in the genome project (''y cn bw sp'') (Adams et al. 2000) . Genomic DNA was extracted separately from males and females (in pools of five individuals from each sex) by standard phenolchloroform extraction followed by ethanol precipitation. In the RNA preparation, testes from adult males were dissected in PBS buffer and immediately transferred to PBS buffer on ice. RNA was extracted with Trizol (Invitrogen, Carlsbad, CA; no. 15596-018) according to the manufacturer's instructions. Prior to cDNA preparation the RNA was treated with DNase to avoid contamination with genomic DNA. The cDNA was then prepared using the RetroScript kit (Ambion; no. AM1710) and random primers, according to the manufacturer's instructions.
Number and sequence of Y-linked copies of the Mst77F gene: We initially found seven Y-linked copies of the Mst77F gene in the assembled D. melanogaster genome (hereafter called collectively ''Mst77Y''). We took this number of copies and their sequences as approximations because in the beginning of our work we found signs of misassembly and missing genes (see results). We used three different methods to more precisely quantify the number of Mst77Y genes, which allowed us to overcome the inherent limitations of each method.
Method 1-de novo sequencing: Inspection of the Mst77Y genes in the assembled D. melanogaster genome showed that all shared a 12-bp insertion in the 59-UTR region, which is absent from Mst77F. This allowed us to design a pair of PCR primers that specifically amplify the Mst77Y genes (mst77Y_F1 ATTTTTGTCGATCAAGAATTTACCAA and mst77_R1 AGGG TGTGGGAGATGAAACCTC). These primers encompass the whole coding region of the genes. We did two PCR experiments using the standard protocol, with an annealing temperature of 55°and 30 PCR cycles. In the pilot experiment we used normal Taq DNA Polymerase (GeneChoice) but in the second (and larger) experiment we switched to an enzyme with low error rate (PfuUltra High-Fidelity; Stratagene, La Jolla, CA, no. 600380), which was desirable because we would sequence individual clones, and the PCR-induced mutations might lead to spurious results in this case (Hogrefe and Borns 2003) . To further reduce the effect of PCR-induced mutations, we conservatively discarded haplotypes sampled only once. In the first experiment the PCR products were cloned with the PCR TOPO TA cloning kit (Invitrogen, no. K450001) and in the second one, we used the Zero Blunt TOPO PCR Cloning kit (Invitrogen, no. K2800-20) . A total of 115 clones (45 in the first experiment and 70 in the second) were randomly picked for DNA sequencing. This number was chosen as follows. Assuming no bias in the PCR amplification and cloning, the number of clones needed to sample each Mst77Y gene at least once, at a given probability, can be calculated using a multinomial cumulative distribution function Degroot and Schervish 2002) , where p is the probability that each gene will be sampled at least once, n is the number of genes, x is the number of clones, and C is the combination operator (supporting information, Figure S1 and File S1). We checked the above formula with a computer simulation written in R (R Development Core Team 2007; File S2), which also allowed the calculation of the probability that each gene was sampled at least twice (instead of at least once). As we mentioned above, this more stringent criterion is useful to deal with sequencing errors introduced by the PCR. For example, if there are seven Mst77Y genes (which was our initial guess) and we aim at a 98% probability that all of them would be sampled at least once, we need 40 clones. We used this number in the first experiment, and when we found that the number of genes was higher than seven, we increased the sample size to 115 clones. Assuming 18 Mst77Y genes, these 115 clones would be enough for sampling each Mst77Y gene at least once with a probability of 97.5% and at least twice with 82% probability. These estimates are somewhat optimistic because they do not take into account the clones that would be discarded due to PCR-induced mutations (see results).
Method 1 produces two pieces of information: the number of Mst77Y genes (obtained by simple counting of haplotypes) and their accurate sequences. Basically the same method was used to identify the Mst77Y genes that are expressed (and to obtain a rough estimate of their expression level). In this case we used testis cDNA as the template for the PCR reaction and the same primer pair (mst77Y_F1 and mst77_R1) that specifically amplifies the Mst77Y genes. We sequenced 40 clones.
Method 2-restriction enzyme digestion: After we got accurate nucleotide sequences of the Mst77Y genes by sequencing them de novo (as described above), we picked one of the Mst77Y genes and aligned it with Mst77F using Blast2. The Blast2 output file was then submitted to the BlastDigester program (Ilic et al. 2004 ; http:/ /www.bar.utoronto.ca/ntools/cgi-bin/ ntools_blast_digester.cgi) to identify sites that would be cut by restriction enzymes only in the Mst77F or in the Mst77Y genes. The potential restriction sites were then checked for conservation among all Mst77Y genes and for the availability of suitable flanking sequences for PCR amplification. We chose an XbaI site in exon 1 and a BstUI in exon 2, which are expected to be cut in all Mst77Y genes, but not in Mst77F. We then designed PCR primers that target conserved regions (i.e., that are identical between Mst77F and Mst77Y genes) surrounding the restriction enzyme sites. A 179-bp fragment of exon 1 was amplified from male genomic DNA with the primers mst77_F3 (59-CAAAATGAGCAATCTGAAACAAAAGGATA-39) and mst77_R3 (59-CTCAGAAAATTAACAAAGCCAGACT-39), using standard PCR protocol (annealing temperature: 48°). Five microliters of the PCR products were digested overnight at 37°w ith the XbaI enzyme (20 units; New England Biolabs, Beverly, MA). Three bands can be observed in agarose gels: a 179-bp (undigested) one from Mst77F and two smaller bands (69 and 110 bp) from the Mst77Y genes. The intensity of each band was measured with Kodak (Rochester, NY) 1D Image Analysis v. 3.6, using Invitrogen's Low Mass Ladder (no. 10068-013) as a standard. As detailed in the results, the ratio of the masses of digested to undigested bands estimates the number of Y-linked copies. The same general procedure was repeated for exon 2; in this case we used the primers mst77_F4 (59-GCACTCCAA GAAAGGAGAACAAG-39) and mst77_R4 (59-GGCTTAAGA CACCTTGGCTTTG-39) with a 52°annealing temperature and digestion with 10 units of BstUI at 60°(New England Biochemicals). The 209-bp PCR product of exon 2 is cleaved by BstUI (in the Mst77Y genes) in two fragments, of 69 and 140 bp.
Basically the same method was used to quantify the mRNA expression of the Mst77Y genes in comparison to Mst77F. In this case we performed the PCR using testis cDNA as the template (instead of male genomic DNA) and used only the mst77_F3/mst77_R3 primers. The products were digested with XbaI and analyzed as described above.
Method 3-computational analysis of the sequencing traces: The D. melanogaster genome was sequenced using unsexed embryos (presumably 50:50 male:female) and the whole-genome shotgun method, which randomly samples the genome (Myers et al. 2000) . Hence we can estimate the number of Mst77Y genes by comparing the number of traces that came from them with those from the Mst77F genes. We first identified the traces that presumably belong to the Mst77F or Mst77Y genes by doing a BlastN search (BlastN parameters: expected value, 0.0001; word size, 20), using these genes as queries, against the trace database of D. melanogaster in the NCBI and downloaded them (in FASTA format) from the NCBI Trace Archive (ftp://ftp.ncbi.nih.gov/pub/TraceDB/ misc/query_tracedb). We then classified each whole-genome shotgun trace as ''autosomal'' or ''Y linked'' by doing a BlastN alignment of each one against an extended sequence (500 bp upstream from start ATG and 500 bp downstream from the stop codon) of the autosomal Mst77F and of the Y-linked Mst77-c1 (accession no. Z19565). The extended sequences were used to improve the classification of the traces that aligned only to the edges of the genes. Traces were classified as autosomal or Y linked on the basis of which gene (Mst77F or Mst77-c1) they align better. The ratio of their numbers estimates the number of Mst77Y genes.
A variant of the same method was used to compare the mRNA expression of the Mst77Y genes with Mst77F. In this case we used 25 million cDNA traces from larvae, young males, and old males, downloaded from MachiBase (Ahsan et al. 2009) .
Molecular evolution of Y-linked copies of Mst77F: We extracted the coding sequences from the Mst77Y genes, from Mst77F (accession no. NM_079464) and from its orthologs in D. sechellia (XM_002040688), D. simulans (XM_002085675), D. erecta (XM_001973509), and D. yakuba (XM_002086611), and aligned them using ClustalW with manual correction to preserve the reading frame. One sequence was very short (Mst77Y-15) and was excluded from our analysis. Then, we obtained a cladogram with the neighbor-joining method using the software MEGA 4 (Tamura et al. 2007) . The analysis of the synonymous (d S ) and nonsynonymous (d N ) distances along the branches of this cladogram was performed in the HyPhy program package (Kosakovsky , using the MG94 model of codon substitution (Muse and Gaut 1994) . HyPhy independently estimates d N and d S values, but for the sake of simplicity we report the results in the widely used d N /d S ratio (also called ''v'') . Several testing strategies were used to verify the occurrence of purifying selection on Mst77Y genes (see results).
Timescale of the evolution of the Mst77Y gene family: The timescale of the evolution of the Mst77Y gene family was inferred using the correlated Bayesian method (Rannala and Yang 2007) implemented in the mcmctree program of the PAML 4 package (Yang 2007) . The relaxed clock was calibrated by adopting normal prior distributions for the ages of two nodes: the D. melanogaster/D. simulans split was set at 5.4 6 1.1 million years (mean 6 standard deviation), and the D. melanogaster/D. yakuba split was set at 12.8 6 2.7 million years (Tamura et al. 2004) .
RESULTS
Initial detection of Y-linked copies of the Mst77F gene: During the search of Y-linked genes we found seven scaffolds that seem to encode a protein similar to Mst77F ($87% identical at the protein level): the unmapped scaffold AABU01000419 and six degenerate scaffolds (211000022215023, 211000022226552, 211000022236579, 211000022241185, 211000022243199, 211000022246937, and 211000022246939) . There are also smaller fragments, among both the unmapped and the degenerate scaffolds. These Mst77F-related sequences were also found in the D. melanogaster EST database of the NCBI (e.g., accessions BF505110, BF488351, BF499179, AI946428, and AI946506). Inspection of their nucleotide sequence disclosed a shared 12-bp insertion in the putative 59-UTR that is absent from the autosomal Mst77F. A primer targeting this region (mst77Y_F1), in combination with a nondiscriminating primer (mst77_R1), gave the expected PCR product only in males, which shows that all copies of Mst77F carrying this 12-bp insertion are Y linked. We initially thought that they are the pseudogenes described by Russell and Kaiser (1993) , but surprisingly none of these sequences had the premature stop codon and frameshift indels described there. When we searched the Trace Archive, we did find traces with these disruptive mutations (e.g., tij180852087, with the 124G / T premature stop codon mutation); these traces were either left unassembled or got misassembled with traces from other Mst77F copies that lack the stop codons. In both cases, the conclusions are the same: there seem to be functional copies of the Mst77F gene in the Y chromosome, and we need to sequence them de novo to get accurate data.
Number and sequence of copies of the Mst77F gene in the Y chromosome: Method 1-de novo sequencing: Primers mst77Y_F1/mst77_R1 amplified the whole coding sequence of the Mst77Y genes. After cloning and sequencing, we got 115 sequences in two experiments (Table 1) . Forty-six clones have haplotypes that were found only once (''singletons''). Several lines of evidence suggest that these singletons are artifacts introduced by PCR (Zylstra et al. 1998; Hogrefe and Borns 2003) , either point mutations or chimerical Sequencing of PCR clones identified 18 Mst77Y genes. Columns 2-5 show the number of clones per gene. Only haplotypes represented by two or more clones were validated as genes, and the remaining (''singletons'') were deemed as PCR errors. Note that Mst77Y-17 was included because it was observed in one cDNA clone; Mst77Y-16 and Mst77Y-18 were included because they were recovered in a preliminary experiment (data not shown).
a Number of amino acids of the predicted protein that are homologous to Mst77F (the scrambled amino acids introduced after frameshifts were not counted).
b Inferred functionality, based on the integrity of the coding regions. Disrupting mutations are marked as follows (coordinates of affected nucleotides shown in parentheses): Fs, frameshift deletions; Psc, premature stop codon caused by a point mutation. See Figure S3 for the alignment of the 18 genes.
c Mst77Y-16 was previously annotated as CG40530 (Smith et al. 2007 sequences: (i) many fewer singletons occurred in the second experiment, where we switched to a low-error DNA polymerase; (ii) none of their unique sequence features could be found in the Trace Archive (not shown); and (iii) nearly all singletons differ from some valid sequence by one or two mismatches, and the frequency of these mismatches seems to be compatible with the error rate of the DNA polymerase employed. These 46 clones were discarded. Among the remaining 69 clones we found 18 different haplotypes (Figure 1 , Figure S2 A, and Figure S3 ; accession nos. GQ868243-GQ868260). These 18 haplotypes must correspond to 18 different Mst77Y genes (instead of to allelic variants of a smaller number of genes) because we used a highly inbred line as the DNA source and additionally, the Y chromosome has very low polymorphism (Zurovcova and Eanes 1999) . A limitation of this ''haplotypecounting'' method to estimate the number of Mst77Y genes is that two or more identical genes would be counted as one. This problem is addressed by the two other methods we used (next sections).
The new data agree with and expand Russell and Kaiser's (1993) results. We recovered the three pseudogenes they described: Mst77-c1, Mst77-c2, and Mst77-c3 are identical to or closely match our Mst77Y-6, Mst77Y-15, and Mst77Y-10 genes, respectively. Mst77Y genes are on average 89% identical with Mst77F at the nucleotide level ( Figure S3 ). Inspection of ESTs and genomic traces (from the Trace Archive) showed that all sequences that do not have the 12-bp insertion in the 59-UTR (which was targeted by the mst77Y_F1 primer) belong to the Mst77F gene (data not shown). So it is unlikely that there are additional, divergent Mst77Y genes that were missed by our PCR approach. As summarized in Figure 1 and Table 1 , 10 Mst77Y genes have disruptive mutations in their coding regions (including those described by Russell and Kaiser 1993) and were considered pseudogenes. However, the remaining 8 genes would be able to encode a protein similar to Mst77F and hence are potentially functional.
Some additional comments about ''method 1'' may be useful for those planning a similar approach. PCRinduced errors remain a hard problem, particularly if there are many gene copies (as in Mst77Y): Pfu polymerase is known to induce fewer point mutations than Taq, but unfortunately it induces more chimeras (Zylstra et al. 1998) , an effect we saw in our data (Table  1) . Requiring two clones to validate each haplotype solves part of the problem, but unless they come from independent PCR amplifications and cloning experiments, the possibility remains that they trace to a single error induced in early PCR cycles. Perhaps the ideal approach would be to estimate the number of needed clones with Equation 1 (taking into account the mutant clones that will be discarded), run two independent PCR/cloning experiments with this number (possibly using Taq in one experiment and Pfu in the other), and validate only those haplotypes sampled in both experiments. Note also that we lost $40% of the clones due to polymerase-induced mutations (mostly by Taq), so the chance of missing some Mst77Y gene is substantially higher than our initial calculation.
Method 2-restriction enzyme digestion: As expected, the PCR with the primers mst77_F3/mst77_R3 amplified a 179-bp fragment of exon 1 from the Mst77F and Mst77Y genes, and the XbaI enzyme digested exclusively the Mst77Y copies (Figure 2 ). Quantification of the digested (110 bp, from Mst77Y) and undigested (179 bp, from Mst77F) bands showed that there were on average 8.13 Mst77Y molecules for each Mst77F (Table 2 ). Since the initial PCR reaction used as template male genomic DNA (which is diploid for the autosomes, but haploid for the Y), the estimated number of Mst77Y genes is 16 (95% confidence interval: 14.7-17.9), which closely agrees with the previous estimate (18 genes). When we repeated the same procedure with exon 2 (using the mst77_F4/mst77_R4 primers and digestion with BstUI; data not shown) we consistently obtained an estimate of 8 Mst77Y genes, which certainly is incorrect (from the previous section we know that there are at least 18 genes). We repeated the experiment several times, checking for the completeness of the digestion and other possible sources of artifacts, and could not find any. Thus it seems that there was preferential PCR amplification of the Mst77F gene (Walsh et al. 1992) , which resulted in underestimation of the number of Mst77Y genes.
The sequence targeted by the PCR primers mst77_F4/mst77_R4 is identical between Mst77F and all Mst77Y, so this putative preferential amplification might have been caused by differences in the melting temperature or in secondary structure of the amplified fragments. Given its gross error, we dismissed the estimate obtained with exon 2. The result from exon 1 agrees with the previous estimate (18 copies) and also with the estimate described in the next section. However, it is clear that this method is not very reliable.
Method 3-computational analysis of the sequencing traces: We found 156 ''whole-genome shotgun'' traces in the D. melanogaster Trace Archive that have a high similarity with the Mst77F and Mst77Y genes. After analysis of their sequences, we found that 121 traces came from the Mst77Y genes and 35 from Mst77F (Figure 3 ; ratio Mst77Y/Mst77F, 3.46; 95% confidence interval, 2.36-5.19). Since the D. melanogaster genome project used unsexed embryos as the DNA source, the autosomes are overrepresented in a 4:1 ratio in relation to the Y chromosome. So the trace data indicate that there are $14 Mst77Y genes (95% confidence interval: 9-21), which is similar to our previous estimates of 18 and 16 genes.
Transcription of Mst77Y genes: We investigated the contribution of the Mst77Y genes to the pool of Mst77F-like mRNA by adapting the three methods used before to estimate the number of Mst77Y genes.
PCR using testis cDNA as the template and primers specific for the Mst77Y genes (mst77Y_F1 and mst77_R1) produced robust amplification (Figure 2 ), which shows, in accordance with Russell and Kaiser's (1993) results, that the Mst77Y genes are expressed. We cloned the PCR products and got 40 sequences. All match some of the previously identified 18 Mst77Y genes (Table 1) , which again suggests that we identified all such genes. Thirty-eight clones are correctly spliced, and the remaining 2 retained the intron (both from Mst77Y-12). Two factors suggest that these 2 clones originated from immature transcripts rather than from contaminating genomic DNA: (i) the RNA was treated with DNase prior to reverse transcription and, (ii) as commented below, Mst77Y-12 is the most abundant Mst77Y transcript. We conservatively excluded these 2 clones from our analysis. The remaining 38 clones came from 8 Mst77Y genes (Table 1) , 4 of which are pseudogenes (Mst77Y-3, Mst77Y-6, Mst77Y-10, and Mst77Y-17), Figure 2. -Quantification of the number of Mst77Y genes and their mRNA expression through XbaI digestion. PCR amplification was carried with primers that amplify both Mst77F and Mst77Y genes, using as templates male genomic DNA (left) and testis cDNA (right). The products were digested with the XbaI restriction enzyme, which cuts the Mst77Y sequences, but not Mst77F. UD, undigested PCR product; D1-D3, three independent PCR/digestion replicas; positive control, digestion of PCR from a cloned Mst77Y gene. The relative intensity of the 110-bp band (compared to the 179-bp band) estimates the number of Mst77Y genes or their mRNA expression (see text and Table 2 ). and 4 are potentially functional (Mst77Y-1, Mst77Y-7, Mst77Y-13, and Mst77Y-12). These 4 potentially functional genes account for 30 of the 38 clones (79%). The majority of the spliced transcripts (15 of 38) came from the Mst77Y-12 gene, which is potentially functional and would encode a protein that has 86% identity with the Mst77F protein.
The mst77_F3/mst77_R3 amplification of testis cDNA followed by XbaI digestion shows that 28% of the Mst77F-like mRNA came from the Mst77Y genes (95% confidence interval: 26-31%); the remaining 72% came from Mst77F ( Figure 2 and Table 2) .
For the computational analysis of expression we used the MachiBase 59-end RNA Transcription Database (Ahsan et al. 2009), which consists of $26-bp tags from the transcription start site (TSS), from different developmental stages (embryos, unsexed larvae, young males, adult males, young females, adult females, and S2 cells). Their web page (http://machibase.gi.k.u-tokyo. ac.jp/) displays the count of 26-bp TSS tags matching each position of the genome. Querying it for Mst77F disclosed strong expression in larvae, young males, and adult males; very weak expression in young females (presumably caused by promoter leakage); and no expression in embryos and adult females ( Figure S4 ). Except for the young females, this fully agrees with Russell and Kaiser's data, who additionally showed that Mst77F is expressed in male (but not in female) larvae and pupae. MachiBase also showed that this gene has a very broad distribution of TSSs (''slippery promoter''; Yasuhara et al. 2005 ) that starts 250 bp before the initial methionine codon and spans (surprisingly) to the middle of the second exon ( Figure S4 ). This is not an artifact (caused, for example, by inefficient selection of the 59 region of the mRNA), since many genes display sharp TSSs in MachiBase (Ahsan et al. 2009 ).
MachiBase attempts to eliminate false positives by excluding tags that mapped to multiple locations (Ahsan et al. 2009 ). However, as only one Mst77Y gene-CG40530, equivalent to Mst77Y-16-is present in the current release of the D. melanogaster genome (release 5), it is possible that the signal of several Mst77Y genes (i.e., number of matching tags) was partially mixed with Mst77F. To disentangle their signals, and measure the contribution of Mst77Y genes to the Mst77F-like mRNA pool, we compared each MachiBase 26-bp tag to the upstream regions of Mst77F and Mst77Y genes, as follows. First we retrieved the 250-bp upstream region of the Mst77Y genes (the sequences produced by our method 1 cover only the coding regions), with a BlastN search in the NCBI Trace Archive, using as query the Mst77-c1 sequence (Z19565). We identified 68 traces that have the Mst77Y-specific 12-bp insertion and that cover the 250-bp upstream region. Due to the 12-bp insertion, we are sure that they belong to one of the Mst77Y genes, although it is not possible to precisely identify which one. We trimmed all 68 traces, plus Mst77F and Mst77-c1, to the region between À250 bp and the start methionine codon. We then used these 70 sequences as a database and ran locally a BlastN search (word size: 20) of each MachiBase 26-bp tag ($25 million sequences) against this database. As expected, the vast majority of the tags did not give any hit (they came from other genes); we found 644, 2844, and 908 Mst77F-like tags in the larvae, young male, and old male libraries, respectively. A small proportion of them ($6%) matched equally well Mst77F and some (or all) Mst77Y upstream sequences; these tags were discarded. Among the classifiable tags, we found that 32, 18, and 11% of them came from the Mst77Y genes in the larvae, young male, and old male libraries, respectively ( Figure S5 and Table S1 ). The difference among these three proportions is significant at the P , 10 À6 level (heterogeneity chi-square test); it seems that the relative contribution of the Mst77Y genes steadily declines with age.
The values obtained with the MachiBase tags for adult males (young, 18%; old, 11%) are lower than our XbaI digestion estimate (28% of the total Mst77F-like mRNA came from Mst77Y genes). MachiBase libraries were prepared from Canton-S flies, aged for 5 days (''young males'') or 30 days (''old males''; B. Ahsan and S. Morishita, personal communication). We have not controlled the age of our males (we took them from the culture) but it is unlikely that age alone can explain the discrepancy (it would be necessary that our males were younger than 5 days and that these very young males have a larva-like expression pattern). More likely the discrepancy is due to differences between the two methods and strains used. Indeed, Russell and Kaiser (1993) and ourselves (data not shown) found interstrain Figure 3. -Quantification of the number of Mst77Y genes through computational analysis. The origin (Mst77F or Mst77Y) of each trace of the genome project that has similarity to these genes was identified by its best BlastN match. We quantified this by annotating for each trace the number of aligned bases (identity 3 alignment length) to Mst77F and to one of the Mst77Y genes (Mst77-c1) and subtracting the former from the latter (''Alignment difference''). Positive values indicate that the trace came from a Mst77Y gene, and negative values indicate Mst77F origin.
variation in the number of Mst77Y genes. In summary, the XbaI digestion and the MachiBase data show that the Mst77Y genes account for between 11% (old males) and 32% (larvae) of the Mst77F-like mRNA. In natural conditions Drosophila seldom live 30 days (Dobzhansky and Wright 1943; Crumpacker and Williams 1973) , so the Mst77Y expression at that age is less relevant, and it seems fairly safe to assume that Mst77Y genes account for $25% of the Mst77F-like mRNA.
Combining the result of the XbaI digestion/MachiBase database ($25% of the Mst77F-like transcripts come from the Mst77Y genes) with the de novo sequencing (79% of the transcripts from the Mst77Y genes are potentially functional), we found that $20% of the functional Mst77F-like mRNA comes from the Y chromosome.
A final observation about the broad distribution of TSSs ( Figure S4 ) is that many transcripts start after the first methionine codon, and we initially thought that it was due to aberrant transcription of some Mst77Y genes. However, when we repeated the MachiBase procedure using as a database the coding regions of the Mst77F and Mst77Y genes, we got almost exactly the same result (Table S1 ). Hence both Mst77F and Mst77Y genes produce transcripts that, if translated, would produce a much shorter protein.
Molecular evolution of Y-linked copies of Mst77F: Several Mst77Y genes seem to be functional, since they encode a protein similar to Mst77F and contribute onefifth of the mRNA pool. We further investigated this possibility with a molecular evolutionary analysis. If these Mst77Y genes indeed are functional, we expect natural selection to be acting on them. The ratio of nonsynonymous to synonymous divergence (d N /d S , called v) is a standard measure of selective pressure (Yang and Bielawski 2000) . It is expected to be 1 in pseudogenes (due to the lack of selective constraints), whereas in most functional genes it is ,1 (''purifying selection''). In rare cases where selection favored the fixation of beneficial alleles, v can be .1 (''positive selection''). Table S2,  and Table S3 ), we asked the question ''Are the Mst77Y genes as a whole evolving under selective constraints?'' by estimating a single v-value for all Mst77Y branches and comparing the fit of this hypothesis against the null hypothesis v ¼ 1 for these branches. The null hypothesis was rejected (P ¼ 0.027, LRT) and the best-fitting v-value is ,1 (v ¼ 0.61), which strongly suggests that at least some of the Mst77Y genes evolved under purifying selection. We further investigated this possibility as follows. The sequence data show that some Mst77Y genes are potentially functional, whereas others clearly are pseudogenes (Table 1) . If the previous result (test 1) was indeed caused by natural selection, this selection should be detected mainly in the potentially functional genes. We verified this prediction in test 2, by estimating one v for the potentially functional branches (v pf ) and one v for the nonfunctional branches (v nf ) and comparing the fit of this hypothesis against the null hypothesis of a (Table S2  and Table S3 show the values of d N and d S ) . The result of the LRT and the biological interpretation are shown in column 4. ''Ypf,'' potentially functional Mst77Y genes (i.e., with intact ORF); ''Ynf,'' nonfunctional Mst77Y genes (with disrupting mutations). The figure is a simplification; the actual tests include the outgroups shown in Figure  S6 and Table S3 (v was free in all these branches). Tests were performed with the HyPhy package (Kosakovksy , using Files S3 and S4.
single v for all Mst77Y branches. The null hypothesis was rejected (P ¼ 0.015) and the estimated v is much smaller in the potentially functional branches (v pf ¼ 0.41) than in the nonfunctional branches (v nf ¼ 0.85). These results again support the hypothesis that some Mst77Y genes are functional. We did two additional tests that are described below, which further support this conclusion.
There are two nonexclusive explanations for v being ,1 in the nonfunctional branches under test 2: (i) sampling variance, in which case the estimated v nf will not be significantly different from 1, and (ii) depending on the time of inactivation of the pseudogenes, some of their branches might show a sign of selection, imparted by the time before the inactivation. We addressed these issues with test 3, which again estimates one v for the potentially functional branches (v pf ) and one v for the nonfunctional branches (v nf ), but now compares the fit against the null hypothesis v nf ¼ 1. The null hypothesis was not rejected (P ¼ 0.54), which suggests that the nonfunctional copies are indeed evolving without selective constraints. Finally, in test 4 we tested the hypothesis of selective constraints in the potentially functional branches under the assumption of lack of selective constraints in the nonfunctional branches (v nf ¼ 1); we again found that v pf is significantly ,1 (P ¼ 0.017).
The results from the four tests fully support the hypothesis that some Mst77Y genes are functional: the potentially functional genes evolved under purifying selection, whereas the nonfunctional genes evolved as pseudogenes.
Tempo and mode of Mst77Y origin: All Mst77Y genes share a 12-bp insertion in the 59-UTR (as well as an inframe deletion of three nucleotides at position 381 in the coding sequence; Figure S3 ), which suggests that there was a single duplication of Mst77F to the Y chromosome, followed by repeated rounds of intrachromosomal duplications that produced the 18 Mst77Y genes. This single-origin scenario is confirmed by phylogenetic analysis (Figure 1 and Figure S2 A; note the 100% bootstrap support for the basal node of all Mst77Y genes). The same analysis ( Figure S2 A) suggests that the original duplication occurred after the split between D. melanogaster and D. simulans (which happened 5.4 MYA), as there is some bootstrap support (74%) for the cluster that includes all Mst77Y genes and the D. melanogaster Mst77F, to the exclusion of all other species. Using the correlated Bayesian method (Rannala and Yang 2007) , the original duplication was dated at 4.3 MYA (Figure S2 B) . In accordance with these data, a BlastN search in the genome of sequenced species of the melanogaster subgroup (D. yakuba, D. erecta, D. sechellia, and D. simulans) failed to identify any Mst77F-like gene, other than the autosomal one.
It is interesting to know the size of the region that was duplicated to the Y chromosome. We investigated this issue by performing a BlastN search against the whole-genome shotgun traces of D. melanogaster, using as query a 30-kb sequence of chromosome 3L sequence (NT_037436.3) surrounding the Mst77F gene. The duplicated region shows up as a huge increase in trace number (technically, in sequence depth) and also by the presence of several mismatches between the traces and the autosomal sequence ( Figure S7 ). Using this procedure we inferred that the duplicated region (or at least what survived from it) spans $3.5 kb (coordinates 20,809,000-20,812,389 of the 3L chromosome), encompassing the whole Mst77F gene, the two first two exons of Pka-R1, and the 59-UTR of CG3618. The finding that the duplicated region contains more than one transcription unit shows that it did not originate through retrotransposition (not even from immature mRNA) and must have occurred through a DNA-based mechanism.
DISCUSSION
There are functional Mst77Y genes in the D. melanogaster Y chromosome. This conclusion is supported by a coherent set of data. De novo sequencing and two other methods identified 18 Mst77Y genes and showed that 8 of them are able to encode a protein that is similar to Mst77F (88% identity). Four of these genes are transcribed and collectively account for one-fifth of the functional Mst77F-like mRNA. Similarly to the previously identified Drosophila Y-linked genes (Carvalho et al. 2000 (Carvalho et al. , 2001 Carvalho and Clark 2003; Vibranovski et al. 2008) , the Mst77Y genes have a male-specific function (Russell and Kaiser 1993; Raja and Renkawitz-Pohl 2005) . Finally, molecular evolutionary analysis showed that the Mst77Y genes that have intact coding regions evolved under purifying selection, whereas no selective constraint could be detected in those with disrupting mutations. Mst77Y genes are the 13th protein-coding function identified in the D. melanogaster Y. The same as the 12 other genes, they are a duplication of an autosomal gene, which reinforces the previous finding that gene gains play a prominent role in the evolution of the Drosophila Y chromosome .
All evidence indicates that the multiple Mst77Y genes originated from a single duplication from an autosome to the Y chromosome, followed by duplications inside the Y (rather than from multiple autosome-to-Y duplications): (i) all Mst77Y genes map to a single location of the Y chromosome [bands h18-h19, in the pericentromeric region (Russell and Kaiser 1993; Abad et al. 2004) ]; (ii) they share several unique indels; and (iii) in phylogenetic analysis they cluster together, with 100% bootstrap support. The initial duplication was a DNAmediated event that spanned at least 3.5 kb of the 3L chromosome, encompassing the whole Mst77F gene (including the putative promoter region) and also parts of two neighbor genes ( Figure S7 ). The phylogenetic position of the Mst77Y cluster, as well as the lack of additional copies of Mst77F in other species, strongly suggests that the initial duplication occurred after the split between D. melanogaster and its close relatives of the D. simulans clade (Figure S2 A) . These data imply that Mst77Y is ,5.4 MY old; the molecular clock dated its origin to 4.3 6 1.4 MYA (Figure S2 B) .
How many Mst77Y genes exist in the D. melanogaster genome? We found seven Mst77Y genes in the assembled genome of D. melanogaster, and there is evidence in the Trace Archives of missing genes and misassemblies. These assembly problems are not surprising: in multicopy genes and other repetitive regions, different copies may be collapsed into a single sequence due to their high sequence identity (Bailey et al. 2002) (some Mst77Y genes have 99.8% identity at the nucleotide level). Furthermore, the shotgun coverage for the Y chromosome is low [$33, whereas at the autosomes it is 123 ] and several missing copies probably were represented by isolated traces (which are ignored by assembly programs) or just fell into sequence gaps. For example, there is no sign of the Mst77Y-18 gene among the traces, but it appeared in our experiments. Despite these limitations, these heterochromatic scaffolds (including the ''degenerate scaffolds'') contain much valuable information, and they can also be used as a starting point for more detailed analysis (e.g., we used them to design the PCR primers for de novo sequencing).
By de novo sequencing we found 18 Mst77Y genes, and similar estimates were obtained by restriction enzyme digestion (16 genes) and by computational analysis of the genomic traces (14 genes). Each method has some limitations and possible bias, but the good agreement among them makes it very unlikely that our estimate is substantially wrong. Of course the real number of Mst77Y genes in the strain we used (y cn bw sp) can be, say, 16 or 20; two haplotypes could have been spuriously introduced by PCR mutations or missed by the de novo sequencing, and these values would be within the error margin of the two other methods. Still, from the biological point of view it would make little difference. We should also keep in mind that the number of copies seems to differ among strains (Russell and Kaiser 1993; our unpublished data) . At any rate, a more precise answer to this question may be given by Alfredo Villasante and co-workers, who are sequencing hetero- Functionality of the Mst77Y genes and their molecular evolution: Eight Mst77Y genes have intact open reading frames, have appropriate splice junctions, and potentially encode proteins that are similar to previously known gene products. Hence, they would be considered functional under the usual gene annotation procedures of genome projects. Their functional status is strengthened by other evidence. First, at least four of them are expressed at the mRNA level and collectively account for one-fifth of the functional Mst77F-like mRNA. The Mst77Y mRNAs most likely are translated, since they are similar to the Mst77F mRNA; unfortunately none of these proteins (Mst77F or Mst77Y) were detected in the D. melanogaster sperm proteome (Dorus et al. 2006) or in the whole male reproductive system (Takemori and Yamamoto 2009), so we cannot prove (or disprove) the expression of the Mst77Y genes at the protein level.
Molecular evolutionary analysis provides a second and independent evidence of functionality. We found that the potentially functional copies evolved under purifying selection for protein-coding function, since their d N /d S ratio was significantly smaller than one, whereas in the nonfunctional copies, which are expected to evolve without selective constraints, the d N /d S ratio was not significantly different from one. These findings deserve additional comments. Recent work showed that d N /d S ratios may be spuriously influenced by mutational bias related to GC composition (Berglund et al. 2009; Galtier et al. 2009 ). This might be problematic for our analysis of Mst77Y genes, since they moved from a GC-rich (euchromatin) to an AT-rich genomic environment (heterochromatin; indeed the third position GC content is 57% for Mst77F and 55% for Mst77Y-12). However, we found in the Mst77Y genes a precise matching between coding potential and evolutionary pattern, such that potentially functional copies have d N /d S , 1 and nonfunctional copies have d N /d S $ 1. This pattern rules out the mutational bias hypothesis and confirms that the potentially functional Mst77Y genes evolved under natural selection for protein-coding function.
An additional test of functionality of the Mst77Y genes would be to measure their ability to complement null mutations of Mst77F. Two mutants of Mst77F are available (Mst77F c06969 and Mst77F 1 ), but unfortunately none of them seem to be null. We measured mRNA production in males homozygous for Mst77F c06969 (a piggyBac insertion near the putative promoter) using our method 2, and the preliminary data suggest that the mutant Mst77F c06969 gene still accounts for 60% of the Mst77F-like mRNA. So Mst77F c06969 is not a null mutant (probably is hypomorphic) and the known fertility of homozygous Mst77F c06969 males does not imply complementation by Mst77Y. Regarding Mst77F 1 [also known as nc3 (Fuller 1986 )], the data from Raja and Renkawitz-Pohl (2005) Explanations and consequences of multiple copies: The Mst77Y genes look like the other D. melanogaster Y-linked genes in many respects (e.g., male-specific function, autosomal origin), but they are multicopy, whereas the 12 known Y-linked protein-coding genes of D. melanogaster are single copy. The Y chromosome of D. melanogaster has other multicopy genes, but they encode RNA [namely, the 18S/28S rDNA cluster and the Suppressor of Stellate genes (Livak 1984; Lyckegaard and Clark 1989) ]. It has been suggested that acquisition and amplification of genetic material is a general feature of the Y chromosome (Gvozdev et al. 2005) , and two explanations for the multiple copies of Mst77Y can be advanced. The large number of copies may be just an accident (i.e., it would be selectively neutral): heterochromatic regions are prone to rearrangements, at least in part due to their richness in transposable elements. For example, some exons of the rolled gene (heterochromatin of chromosome 2) are duplicated in tandem and the same happens with exons of several Y-linked genes (Hoskins et al. 2002; Kopp et al. 2006) . Alternatively, the large number of copies might have been favored by natural selection, perhaps as a mechanism of gene amplification. Two lines of evidence argue against the ''selection-driven gene amplification hypothesis.'' First, the Y-linked copies of Mst77F added a modest amount of mRNA (20% of the total), although it is possible that this value was much higher in the past. Second, some Mst77Y genes were duplicated after they acquired disruptive mutations (e.g., Mst77Y-10 and Mst77Y-14; Figure 1) , and their fixation could not have been driven by selection. Whatever the true explanation for the multicopy state of Mst77Y, it has several important consequences: as in other multicopy genes, selection at individual genes is reduced, and turnover of genes may occur through duplications and losses.
Evolutionary fate of the Mst77Y genes: We detected purifying selection on several Mst77Y genes, but it is unclear whether it is strong enough to prevent their pseudogenization. After a gene duplication event both copies may remain undifferentiated for a long time or perhaps indefinitely (Tanaka et al. 2009; Xue and Fu 2009) . However, the duplication results in relaxed selective constraints, which may lead to the fixation in one of the copies of deleterious mutations that abolish gene function (nonfunctionalization or pseudogenization) or of advantageous mutations that generate novel gene functions (neofunctionalization) (Lynch and Katju 2004) . It is interesting to examine the Mst77Y genes in the context of these three possible fates (neofunctionalization, pseudogenization, and no differentiation). The timescale of these events is an important issue here, but unfortunately it is poorly known. Depending on which estimate of the half-life of Drosophila duplicate genes we use [0.66 MY (Rogers et al. 2009) zation such as presence of frameshift or nonsense mutations. Among the remaining 8 Mst77Y genes, while we cannot exclude the possibility of neofunctionalization, the observation that they are expressed in the same organ (testis) suggests that they have the same function of the parental gene Mst77F.
What will happen with the 8 functional Mst77Y genes? While this type of question cannot be precisely answered, a comparison with the other D. melanogaster Y-linked genes can give some clues. All 12 known D. melanogaster Y-linked genes originated from a duplication of autosomal genes, and in some cases it seems that both copies were retained, whereas in other cases the autosomal copy disappeared so the gene was effectively transposed to the Y chromosome ; our unpublished results). More specifically, there are two cases of retention of both copies (CG13125/PPr-Y and FDY/CG11844) and seven cases where it was completely lost (kl-3, kl-5, PP1-Y1, PP1-Y2, ARY, ORY, and PRY). Finally, in three cases a small relic gene was left at the original autosomal position (CG34164/WDY, CG13161/CCY, and probably CG9068/kl-2); this relic gene most likely cannot perform all the original functions, which presumably are now being carried by the full-size, Y-linked copy. Although there is some uncertainty in these numbers (we would need the sequences of more Diptera genomes to be sure), the bottom line is that in most cases (10 of 12) the autosomal copy disappeared or became a relic gene. The Mst77Y genes are young and may be in the initial stages of their establishment, so it is entirely possible that they will degenerate. If they attain stability in the genome, the examples of the other Y-linked genes suggest that it is likely that the autosomal Mst77F gene will eventually degenerate. This would add one more essential gene to the D. melanogaster Y chromosome. FIGURE S1.-Probability of sampling each gene at least once. The probability is a function of the number of sequenced clones and number of genes. Green line, four genes; blue line, seven genes; yellow line, 10 genes; red line, 18 genes. The graph was obtained using equation 1 (implemented in File S1), which assumes that there is no bias in sampling the genes. Mst77F AAT AGG GCA GAG GAC GAA TAC GCC TCA TCG TCT GGC TTT GTT AAT TTT CTG AGG GAC 
5'UTR
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Mst77F GAG GGC GAG CAC AGA ATG CAC TCT GAA ATA AGT GGC TGC GCA GAC ACT TTC TTC GGT GCC See Fig. S5 for methods. The region labeled as "upstream" includes the most distal transcription start site of Mst77F and
Mst77Y genes (coordinates -250 to the starting ATG); "CDS", coding sequence. Column 2 refers to the MachiBase libraries used in the Blast search: larva (6,776,323 tags), young male ( 11,823,684 tags) and old male ( 7,514,332 tags) . Column 3 shows the number to tags that match Mst77F or Mst77Y genes. Note that upstream and CDS regions yield very similar estimates of Mst77Y expression, which shows that the presumably aberrant transcripts that start in the middle of the genes came from both Mst77F
and Mst77Y genes. The much higher proportion of unclassifiable tags that match the CDS region probably is due to higher similarity between Mst77F and Mst77Y in this region. MachiBase raw tags were downloaded from http://machibase.gi.k.utokyo.ac.jp/wiki/Download . , using the data shown in Fig. S6 . HyPhy estimates dN and dS independently (instead of assuming dS = 1 and estimating ω); columns 3-6 shows the parameter assumptions of each hypothesis, and columns 7-12 shows the estimated parameter values. For each test, the fit of the two hypotheses to the data were compared using the LRT test (columns 13 and 14). The "pf" and "nf" subscripts refer respectively to the potentially functional Mst77Y genes (i.e., with intact ORF), and the non-functional Mst77Y genes (with disrupting mutations;
see Fig. S6 ). See Fig. 4 for a simplified graphic representation of these results. The actual tests included the outgroups shown in Fig. S6 . dN and dS were set free in all these outgroup branches, and their estimated values are shown in Table S3 . S6.
FILES S1-S4
Files S1-S4 are avaialable for download at http://www.genetics.org/cgi/content/full/genetics.109.107516/DC1.
File S1: DeGroot_analytical.R (R code file to calculate analytically the probability of sampling each gene at least once)
File S2: DeGroot_simulation.R (R code file to calculate by simulation the probability of sampling each gene at least once or twice)
File S3: mst_new.bf (HyPhy batch file)
File S4: mst_new.fas (Aligned CDS sequences of Mst77F, Mst77Y and outgroups, plus the guiding tree, ready for HyPhy)
